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Abstract: The creatine precursor guanidinoacetate (GAA) was used as a dietary supplement in
humans with no adverse events. Nevertheless, it has been suggested that GAA is epileptogenic or
toxic to the nervous system. However, increased GAA content in rodents affected by guanidinoacetate
methyltransferase (GAMT) deficiency might be responsible for their spared muscle function. Given
these conflicting data, and lacking experimental evidence, we investigated whether GAA affected
synaptic transmission in brain hippocampal slices. Incubation with 11.5 µM GAA (the highest
concentration in the cerebrospinal fluid of GAMT-deficient patients) did not change the postsynaptic
compound action potential. Even 1 or 2 mM had no effect, while 4 mM caused a reversible decrease
in the potential. Guanidinoacetate increased creatine and phosphocreatine, but not after blocking
the creatine transporter (also used by GAA). In an attempt to allow the brain delivery of GAA when
there was a creatine transporter deficiency, we synthesized diacetyl guanidinoacetic acid ethyl ester
(diacetyl-GAAE), a lipophilic derivative. In brain slices, 0.1 mM did not cause electrophysiological
changes and improved tissue viability after blockage of the creatine transporter. However, diacetylGAAE did not increase creatine nor phosphocreatine in brain slices after blockage of the creatine
transporter. We conclude that: (1) upon acute administration, GAA is neither epileptogenic nor
neurotoxic; (2) Diacetyl-GAAE improves tissue viability after blockage of the creatine transporter
but not through an increase in creatine or phosphocreatine. Diacetyl-GAAE might give rise to a
GAA–phosphoGAA system that vicariates the missing creatine–phosphocreatine system. Our in vitro
data show that GAA supplementation may be safe in the short term, and that a lipophilic GAA
prodrug may be useful in creatine transporter deficiency.
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1. Introduction
1.1. Creatine and Its Procurement by the Organism
Creatine is of paramount importance in the energetic metabolism of excitable cells,
where it serves both as a “shuttle” for rapidly transferring adenosine tri-phosphate (ATP)
within the cytoplasm in normal functioning and as a buffer for ATP, preventing or delaying
its exhaustion in pathological conditions [1–4]. Hereditary conditions where creatine
is missing are attended by severe neurological symptoms including mental retardation,
autism, speech disturbances, extrapyramidal movements, and epilepsy [5]. Creatine is both
taken up from the diet and synthesized by the body, both sources equally contributing to
creatine turnover in normal subjects [1]. Endogenous synthesis of creatine takes place in
two steps [1], which Figure 1 illustrates in a simplified way.
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Figure 1. Endogenous synthesis of creatine, simplified scheme. See text for more details.
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Figure 2. Chemical structure of N,N-diacetyl guanidine acetic ethyl ester (Diacetyl-GAAE).

Figure 2. Chemical structure of N,N-diacetyl guanidine acetic ethyl ester
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electrophysiological experiments or 400 µm thick for biochemical experiments. The slices
thus obtained were transferred into a serum-free solution of artificial cerebrospinal fluid
constantly oxygenated by a mixture of 95% oxygen and 5% carbon dioxide, in this way,
maintaining the pH around 7.35–7.4. Incubation temperature was 32 ◦ C for electrophysiological experiments and 36 ◦ C for biochemical experiments. The artificial cerebrospinal
fluid (ACSF) is an aqueous solution made up of the following compounds: NaCl 130 mM;
KCl 3.5 mM; NaH2 PO4 1.25 mM; NaHCO3 24 mM; CaCl2 31.2 mM; MgSO4 21.2 mM;
Glucose 410 mM (pH 7.35–7.4).
2.2. Inactivation of Creatine Transporter in Hippocampal Slices
The inactivation of the creatine transporter can be performed using either guanidinopropionic acid (GPA) or a chlorine-free incubation medium (Dai et al., 1999). We had
already used both methods in our previous experiments [19,20]. Concentrations of GPA
higher than 1 mM are, however, rather impractical, because in their presence no electrical
activity could be elicited from the slices, probably due to a harmful effect on brain slices
(preliminary results, not shown). Our previous data showed that incubation with GPA
1 mM reduced baseline creatine content by about 50% and reduced uptake of creatine by
about the same measure [19]. In a similar way, chlorine-free incubation could not be used
for electrophysiological experiments because removal of chloride obviously prevented
neural excitation (not shown). By contrast, we prefer not to use GPA in experiments where
creatine has to be measured with HPLC because GPA itself elutes in a region very close
to creatine, thus interfering with its measurement (preliminary experiments, not shown).
Thus, in the present experiments, we used GPA 1 mM to block CRT in experiments involving electrophysiological stimulation and recording, and chlorine-free incubation in
experiments involving only biochemical measurements.
2.3. Study on the Effect of GPA on Slices Viability
Electrophysiological techniques were used on in vitro hippocampal slices to assess the
harmful effects of GPA. Hippocampal slices from 4-week-old ICR male mice (CD-1) (Envigo
farm) were obtained following the procedure reported elsewhere [21] and incubated for 3 h
at 36 ◦ C in one of the following incubation media:

•
•
•
•

ACSF
ACSF + GPA (0.5 mM)
ACSF + GPA (1 mM)
ACSF + GPA (1 mM) + Diacetyl-GAAE (0, 1 mM)

The slices were then transferred into an incubation and electrophysiological recording
chamber (Fine Science Tools, Vancouver, Canada). Two microelectrodes were positioned in
the hippocampal slices, a stimulating one in the Schaffer collaterals and a recording one in
the CA1 cell body layer. Stimulation of the Schaffer collaterals caused the appearance at
the recording site of a compound action potential (“Population Spike”, or PS), which is the
extracellular hallmark of the firing of the CA1 neurons (Andersen et al., 1971). A smaller
waveform (“Presynaptic Volley”, or PV) was also visible, which represents the firing of
the presynaptic axons of the Schaffer collaterals. Slices were considered viable if a PS was
present upon Schaffer collateral stimulation.
2.4. Tissue Processing for Biochemical Experiments
Four-hundred µm thick hippocampal slices were obtained and incubated at 36 ◦ C for
biochemical experiments in one of the following media:

•
•
•
•
•
•

ACSF
ACSF Cl-free
ACSF + Creatine (2 mM)
ACSF Cl-free + Creatine (2 mM)
ACSF Cl-free + GAA (2 mM)
ACSF Cl-free + Diacetyl-GAAE (0, 1 mM)
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2.5.2. Synthesis of (Z)-Ethyl 2-(2,3-Diacetylguanidino)acetate
Methyl N,N’-diacetylcarbamimidothioate (171 mg, 0.98 mmol) was dissolved in anhydrous tetrahydrofuran (THF) (2 mL); glycine ethyl ester hydrochloride (137 mg, 0.98 mmol,
1 eq), triethylamine (275 µL, 1.96 mmol, 2 eq), and HgCl2 (532 mg, 1.96 mmol, 2 eq) were
added. The resulting mixture was stirred at room temperature upon completion of the
reaction (controlled with HPLC-MS). The mixture was concentrated under reduced pressure and then resuspended in ethyl acetate (1 mL). The organic layer was washed with
water (3 × 1 mL), dried over Na2 SO4 , filtered, and concentrated to provide a light brown
semisolid. The final product was then crystallized by absolute ethanol to provide a solid.
The final product was controlled in HPLC-MS to give the title compound (164 mg, 73%)
ESI-MS = 230.1 [M + H]+.
2.6. HPLC and Mass Spectrometry Analysis
The analytical instrument used was an Agilent 1260 high-performance liquid chromatograph (HPLC). The analytical HPLC column was a Waters Bondapack C18, 3.9 mm ID × 300 mm
length. The analysis of the intermediates and the raw products was performed by liquid
chromatography–electrospray mass spectrometry (HPLC-ESI-MS) using an Agilent 1100 series LC/MSD ion trap instrument. The separation was performed in gradient starting with
0% solvent B for 5 min, linearly increasing to 50% solvent B in 30 min and up to 100% B
in 10 min. The solvents used were 0.1% formic acid in water (A) and 0.1% formic acid in
acetonitrile (B). The molecular weight of the intermediates and of the final product was
finally confirmed by electrospray mass spectrometry using an ion trap analyzer, which
allowed performing MS and MS2 analysis.
2.7. Measurement of Tissue Content of Creatine
The quantitative analysis of metabolites was carried out, with minor modifications,
according to a previously published paper [19], using high-performance liquid chromatography (Agilent 1260 system—Agilent Technologies, Palo Alto, CA, USA) equipped with
a standard auto sampler. Briefly, separations were performed on an XTerra C18 column,
3.9 mm × 150 mm column with 5 µm particle size (Waters Corporation, Milford, MA, USA)
in isocratic mode. The mobile phase was an aqueous solution of 40 mM sodium phosphate
dibasic (Na2 HPO4 ) containing 1 mM tetrabutylammonium hydrogen sulphate (TBAHS)
(solvent A), while the mobile phase B was an aqueous solution of sodium phosphate
monobasic (NaH2 PO4 ) 40 mM, TBAHS 1 mM, at pH 6.8. All reagents were of analytical
grade (Sigma, St. Louis, MO, USA). Flow rate was 0.8 mL/min and wavelengths were set
to 220 nm. The column temperature was set to 30 ◦ C. Injection volume was 10 µL both for
standards and samples. Standard molecules were diluted in the mobile phase to reach the
desired concentration, and the supernatants of the sample were diluted 1:1 in the mobile
phase.
The calibration curves, performed in triplicate using three standard concentrations
including the expected values for samples, were carried out before each set of samples and
accuracy was verified daily. Sample concentrations were determined using sample peak
areas. The accuracy was in a range from ±14 to ±17% at the tested levels and the relative
standard deviation was in a range from 8% to 11%.
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Figure 4. Incubation of brain slices with 11.5 µM guanidine acetic acid (GAA) did not change the

Figure 4. Incubation of brain slices with 11.5 μM guanidine acetic acid (GAA) did not change the
amplitude of the postsynaptic evoked potential (“population spike”). Data represent mean and
amplitude of the postsynaptic evoked potential (“population spike”). Data represent mean and
standard deviation. N = 12. Differences are statistically not significant (p = 0.98, analysis of variance).
standard deviation. N = 12. Differences are statistically not significant (p = 0.98, analysis of variance).
Sliceswere
were incubated
incubated with
with GAA
InIn
most
brain
slices
set set
up,up,
including
Slices
GAA for
for20
20min
minbefore
beforewashout.
washout.
most
brain
slices
including
ours,
this
time
is
sufficient
to
allow
exchange
of
chemicals
to
affect
electrophysiological
responses
ours, this time is sufficient to allow exchange of chemicals to affect electrophysiological responses
(personaldata,
data, not
not shown).
shown).
(personal

Even using much higher concentrations of GAA did not cause neuronal hyperexcitabilEven using much higher concentrations of GAA did not cause neuronal hyperexcitity. Specifically, 1 and 2 mM did not cause any significant change in population spike
ability.
Specifically, 1 and 2 mM did not cause any significant change in population spike
amplitude (Figure 5 and Tables S2 and S3), while 4 mM GAA caused a not significant,
amplitude
(Figure 5inand
S2 and
S3), while
4 mM
GAA
caused
reversible decrease
this Tables
postsynaptic
potential
(Figure
6 and
Table
S4). a not significant,
reversible
decrease
in
this
postsynaptic
potential
(Figure
6
and
Table
Incubation of brain slices with 2 mM GAA caused a significant S4).
increase in both
creatine and phosphocreatine in the tissue. As expected, such an increase did not occur
after blocking (obtained by removing Cl- from the ACSF) of the creatine transporter, which
GAA also uses to enter cells [24]. We should note that incubation with Cl-free medium per
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Tables S5 and S6 summarize these and other results (see below).
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Incubation of brain slices with 2 mM GAA caused a significant increase in both creaIncubation of brain slices with 2 mM GAA caused a significant increase in both creatine and phosphocreatine in the tissue. As expected, such an increase did not occur after
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blocking (obtained by removing Cl- from the ACSF) of the creatine transporter, which
GAA also uses to enter cells [24]. We should note that incubation with Cl-free medium
per se significantly reduced the brain slices’ content of creatine but did not significantly
9 of 15
reduce that of phosphocreatine, similarly to what we have already reported [25]. Figure
7
and Tables S5 and S6 summarize these and other results (see below).
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phasize that although loss of “population spike” may indicate structural damage of the
slice [26], it might simply be a gauge of functional, reversible damage to the slice (for an
example, see [27]). Nevertheless, this is an unwanted effect, which would discourage use
of the compound at the harmful concentration.
Treatment with Diacetyl-GAAE at this concentration improved the viability of the
brain slices after a 3-h block of the creatine transporter with GPA (Figure 10 and Table S8).
Viability was 35 ± 32% of the total in slices treated with GPA, 56 ± 21% in slices treated with
both GPA and Diacetyl-GAAE (N = 18 and 20, respectively, p = 0.0359—Mann–Whitney
test).
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Figure 9. Percent of slices in each batch that showed synaptic transmission after incubation with
various concentrations of Diacetyl-GAAE. p = 0.0089, analysis of variance.
Figure 9. Percent of slices in each batch that showed synaptic transmission after incubation with
various concentrations of Diacetyl-GAAE. p = 0.0089, analysis of variance.

Thus, we decided to use the concentration of 0.1 mM to test effectiveness. We emphasize that although loss of “population spike” may indicate structural damage of the
slice [26], it might simply be a gauge of functional, reversible damage to the slice (for an
example, see [27]). Nevertheless, this is an unwanted effect, which would discourage use
of the compound at the harmful concentration.
Treatment with Diacetyl-GAAE at this concentration improved the viability of the
brain slices after a 3-h block of the creatine transporter with GPA (Figure 10 and Table S8).
Viability was 35 ± 32% of the total in slices treated with GPA, 56 ± 21% in slices treated
with both GPA and Diacetyl-GAAE (N = 18 and 20, respectively, p = 0.0359—Mann–Whitney test).
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Control slices were incubated with GPA 1 mM only, Diacetyl-GAA slices were incubated with GPA
Control slices were incubated with GPA 1 mM only, Diacetyl-GAA slices were incubated with GPA
1 mM and Diacetyl-GAA 0.1 mM. N = 18 and 20, respectively.
1 mM and Diacetyl-GAA 0.1 mM. N = 18 and 20, respectively.

After blockage of the creatine transporter, Diacetyl-GAAE did not increase either creatine nor phosphocreatine (Figure 7, above). We shall report in the “Discussion” session
(below) the possible explanation of this finding.
4. Discussion
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After blockage of the creatine transporter, Diacetyl-GAAE did not increase either
creatine nor phosphocreatine (Figure 7, above). We shall report in the “Discussion” session
(below) the possible explanation of this finding.
4. Discussion
It has been suggested that guanidino acetic acid (GAA), the precursor of creatine,
may have an epileptogenic action in patients with guanidinoacetate methyl transferase
(GAMT) deficiency [28], and strategies to decrease its levels in patients affected by GAMT
deficiency are usually applied [29]. An inhibitory effect of GAA on brain Na+, K+-ATPase
activity has been shown [30]. Nevertheless, to the best of our knowledge, no experimental
evidence showing that GAA is indeed capable of causing epilepsy in normal subjects has
been provided. Indeed, some of us have even reported that it has a role in improving the
effects of GAMT deficiency in the muscle [13]. Moreover, GAA has been used as a dietary
supplement in normal humans with no report of epileptic adverse events [9,10,14]. Thus,
we investigated if, in brain slices, we could detect electrophysiological changes by GAA
that might be suggestive of an epileptogenic action.
We were not able to demonstrate epileptic-like effects of GAA, either at a concentration that is relevant for GAMT-deficient patients (Figure 4), or at higher concentrations
(Figures 5 and 6). Furthermore, at the concentration of 2 Mm, the content of brain tissue
creatine and phosphocreatine in normal slices increased (Figure 7). These results were not
surprising since an increase in brain and muscle creatine after GAA treatment with no
neurological side effects has been reported previously in humans [9,14].
We investigated the possible toxicity of GAA in the short term using the amplitude
of the compound action potential (“population spike”) [31] as a gauge. We chose this
electrophysiological parameter because (1) it is relevant to the claim that GAA may be
epileptogenic, in fact if GAA is indeed acutely epileptogenic it should increase the synchrony of neuronal firing [32,33], thus increasing population spike amplitude [31]; (2) it
is a sensitive gauge of tissue viability, thus, it is capable of detecting acute neural toxicity [26,34,35]. Therefore, the finding that in the short term GAA did not alter population
spike amplitude until a very high concentration, strongly suggests that this compound
is neither epileptogenic nor neurotoxic in the short term. This observation is consistent
with the fact that no adverse effects have been reported after the use of GAA as a dietary
supplement [9,10,14]. Issues remain open nevertheless. Specifically, one field where additional investigation may be warranted is the axonal hyper-sprouting that developing
neurons show upon GAA treatment, which is followed by neuronal death [12]. Axonal
hyper-sprouting has been claimed to be epileptogenic [36]. Therefore, while our data
strongly suggest that GAA does not cause epilepsy by acutely altering synaptic transmission, different mechanisms of epileptogenesis are still theoretically possible. That no
adverse events were reported upon GAA use as a dietary supplement in adults [9,10,14],
suggests either that GAA is indeed not toxic, or that the adult brain may have a different
susceptibility from the juvenile, developing brain. Further research should be carried out
on these issues.
We think that the data on population spike amplitude we noted represent a significant
support to our conclusion that GAA is not epileptogenic in the short term. Of course,
additional electrophysiological measurements could be carried out, and further research
should include them.
It has been suggested that in the brain, GAA is delivered to cells capable of synthesizing creatine [6,16]. Thus, delivering GAA to the brain may be a way to increase brain
creatine in patients affected by creatine transporter deficiency. The latter is a rare hereditary
condition, currently incurable, where lack of the creatine transporter prevents dietary
creatine from reaching the brain and entering the cells where it is needed [15].
However, GAA did not increase creatine nor phosphocreatine content after blockage
of the creatine transporter (Figure 7). This was expected, too, since GAA uses the same
transport as creatine to enter the cells [24]. We then tested the effects of Diacetyl-GAAE, a
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lipophilic prodrug of GAA, in the same brain slices’ model, investigating if this lipophilic
prodrug could counter the harmful effects of blocking the creatine transporter. DiacetylGAAE concentration of 0.1 mM did not affect the brain slices’ viability (Figure 9), we
therefore considered this concentration to be safe and used it in our further experiments.
It was indeed able to improve neuronal viability in a statistically significant way after
blockage of the creatine transporter (Figure 10). However, it did not increase the creatine
or phosphocreatine content of the brain slices; actually, it decreased both (Figure 7). We
hypothesize that this discrepancy may be explained by the fact that once Diacetyl-GAAE is
deacetylated and deprived of the ethyl ester moiety, it may be phosphorylated to phosphoGAA, setting up a GAA–phosphoGAA system that replaces the creatine–phosphocreatine
system when the latter is absent [37]. Further research is needed to confirm this hypothesis.
However, we previously found that cyclocreatine, a compound that also ameliorates the
harmful effects of creatine transporter block in an animal model [38], may be phosphorylated as such in brain tissue, setting up a cyclocreatine–phosphocyclocreatine system
that may be parallel to the creatine–phosphocreatine system [39]. Since cyclocreatine is
effective in an in vivo model of creatine transporter deficiency [38], we hypothesize that
Diacetyl-GAAE, too, may be effective in the same way.
As limitations of our study, we did not investigate the effects of GAA upon chronic
administration, nor did we address possible differences in its effects between the developing
and adult brain. Moreover, our data were obtained from in vitro experiments, so in vivo
challenges should be investigated.
5. Conclusions
Summing up, we conclude that (1) GAA is neither epileptogenic nor neurotoxic, at
least concerning synaptic alteration in the short term; (2) Diacetyl-GAAE improves tissue
viability after blockage of the creatine transporter, but not through an increase in creatine
or phosphocreatine. Diacetyl-GAAE might give rise to a GAA–phosphoGAA system that
replaces the missing creatine–phosphocreatine system. Our data suggest that a lipophilic
GAA prodrug may be a feasible way to treat creatine transporter deficiency and warrants
further research on this topic.
Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/brainsci12010085/s1, Figure S1: representative waveforms from
one of our experiments (please note the following key to abbreviations: SA=stimulus artifact;
PV=presynaptic volley; PS= population spike; EPSP=excitatory post synaptic potential, final part);
Table S1: raw data of Figure 4; Table S2: raw data of Figure 5 (1 mM GAA); Table S3: raw data of
Figure 5 (2 mM GAA); Table S4: raw data of Figure 6; Table S5: raw data of Figure 7 (creatine graph);
Table S6: raw data of Figure 7 (phosphocreatine graph); Table S7: raw data of Figure 9; Table S8: raw
data of Figure 10.
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